Background/Aim: CT perfusion (CTP) predicts ischemic core volumes in acute ischemic stroke (AIS); however, assumptions made within the pharmacokinetic model may engender errors by the presence of tracer delay or dispersion. We aimed to evaluate the impact of hemodynamic disturbance due to extracranial anterior circulation occlusions upon the accuracy of ischemic core volume estimation with an automated perfusion analysis tool (RAPID) among AIS patients with large-vessel occlusions. Methods: A prospectively collected, interventional database was retrospectively reviewed for all cases of endovascular treatment of AIS between September 2010 and March 2015 for patients with anterior circulation occlusions with baseline CTP and full reperfusion (mTICI3). Results: Out of 685 treated patients, 114 fit the inclusion criteria. Comparison between tandem (n = 21) and nontandem groups (n = 93) revealed similar baseline ischemic core (20 ± 19 vs. 19 ± 25 cm 3 ; p = 0.8), T max >6 s (175 ± 109 vs. 162 ± 118 cm 3 ; p = 0.6), T max >10 s (90 ± 84 vs. 90 ± 91 cm 3 ; p = 0.9), and final infarct volumes (45 ± 47 vs. 37 ± 45 cm 3 ; p = 0.5). Baseline core volumes were found to correlate with final infarct volumes for the tandem (r = 0.49; p = 0.02) and nontandem (r = 0.44; p < 0.01) groups. The mean absolute difference between estimated core and final infarct volume was similar between patients with and those without (24 ± 41 vs. 17 ± 41 cm 3 ; p = 0.5) tandem lesions. Conclusions: The prediction of baseline ischemic core volumes through an optimized CTP analysis employing rigorous normalization, thresholding, and voxel-wise analysis is not significantly influenced by the presence of underlying extracranial carotid steno-occlusive disease in large-vessel AIS.
Introduction
Endovascular treatment of large-vessel acute ischemic stroke (AIS) has recently been demonstrated to be effective [1] [2] [3] [4] [5] . Although the most appropriate selection method for AIS thrombectomy remains elusive, the use of an automated CT perfusion (CTP) system (RAPID; iSchemaView, Inc., Menlo Park, Calif., USA) has been demonstrated to provide rapid and accurate prediction of core stroke volumes [6, 7] . However, vulnerabilities inherent in the pharmacokinetic models in widespread use, particularly those related to delay/dispersion of the bolus in the tissue or arterial input, have been discussed extensively [8] [9] [10] . The potential for delay-corrected perfusion quantitation was recently reported for limited software environments in a digital phantom; however, the potential impact of complex hemodynamic disturbances in clinical imaging, as may occur with proximal tandem stenoses, remains uncertain [11] .
With the aforementioned in mind, we undertook a retrospective analysis of an AIS cohort with tandem steno-occlusive disease, hypothesizing robust ischemic core and penumbra predictions despite the potential delay and dispersion effects known to complicate dynamic bolus passage methodologies. We aimed to evaluate the potential differences in core and penumbral measures as related to the presence of tandem cerebrovascular disease, hypothesizing a robust prediction of the tissue state when using appropriately delay-corrected perfusion processing. This analysis was undertaken using the clinical implementation of the fully automated software suite for the estimation of ischemic core volume in patients with underlying ipsilateral extracranial steno-occlusive carotid artery disease undergoing successful thrombectomy.
Methods
The prospectively collected interventional database from a tertiary care academic institution for consecutive cases of endovascular AIS treatment between September 2010 and March 2015 was reviewed, with (a) anterior circulation large-vessel occlusions that (b) underwent pretreatment CTP and (c) achieved full reperfusion [mTICI3 (modified treatment in cerebral ischemia)] [12] . This study was approved by the local Institutional Review Board.
Imaging CTP was evaluated with a fully automated, commercially available software environment (RAPID version 4.5.0). Details of the analytic pipeline have previously been discussed [13] . Briefly, 2 contiguous CTP slabs were obtained for 8-cm combined coverage of the supratentorial brain, obtained at eight 5-mm slices per slab. Cine mode acquisition (80 kV, 100 auto-mA), permitting high-temporal-resolution (60-second sampling window and continuous 1-second sampling interval) dynamic bolus passage imaging, was obtained following the administration of iodinated contrast. The total hypoperfused volume was defined by a >6-second delay for the maximum of the tissue residue function (T max >6 s). The ischemic core lesion was defined by a cerebral blood flow (CBF) reduction to <30% of the corresponding contralateral territory. The target mismatch profile was defined as a core ≤ 50 cm 3 , absolute mismatch ≥ 15 cm 3 , T max >10 s ≤ 100 cm 3 , and the mismatch ratio >1.8, with processed parametric maps overlaid upon the source CTP data for review purposes [7] . Nondiagnostic RAPID scans (n = 14) and cases with technically inadequate follow-up scans (n = 5) were excluded. Extracranial carotid artery occlusive disease was defined as per the presence of occlusion/nearocclusion on conventional angiography [14] .
Follow-up in all patients included MRI documenting final infarct volumes before hospital discharge. Final infarct volumes were defined preferentially and predominantly by MRI. Noncontrast CT was performed if contraindications precluded MRI (e.g., with a pacemaker or clinical instability). All follow-up studies were performed within the first 5 days of treatment. DWI was preferentially used in final infarction volume estimates when MRI was obtained within 72 h of the stroke, and T2-FLAIR images were used thereafter to avoid confounding effects of early pseudonormalization. For noncontrast CT, window/level settings were adjusted to maximize the contrast between the normal and the infarcted brain. Final infarct volumes were measured using a manual segmentation tool after export of raw DICOM data to the Fiji release of the ImageJ software platform (http://imagej.nih.gov/ij/) [13] .
Statistical Analysis
Continuous variables are reported as means ± SD or medians with IQR. Categorical variables are reported as proportions. Between groups, comparisons of continuous/ordinal variables were made with Student's t test or the Mann-Whitney U test, as appropriate. Categorical variables were compared by the χ 2 or Fisher exact test, as appropriate. Correlation coefficients were calculated with Pearson's rho. BlandAltman testing was performed to evaluate the degree of agreement of measurements between patients with tandem and those with nontandem disease. Significance was set at p < 0.05. Multivariate logistic regression analysis was performed for variables below the 0.1 level of significance (variable selection method). Statistical analyses were performed using SPSS ® Statistics 21 (IBM ® , Armonk, N.Y., USA). NCCT ASPECTS = Noncontrast CT Alberta Stroke Program Early CT Scan; ICA-T = internal carotid artery terminus; MCA = middle cerebral artery; Last normal to groin puncture = time from last seen normal to groin puncture; CTP to end of procedure = time from CTP completion to end of procedure; PH = parenchymal hemorrhage; SAH = subarachnoid hemorrhage; mRS = modified Rankin Scale. a n = 18/21 (3 patients had isolated cervical occlusions). 
Results
Out of 685 patients treated within the study period, 114 patients fit the inclusion criteria and were included in the analysis. Twenty-one patients (18%) had underlying extracranial carotid steno-occlusive disease, while 93 (82%) had isolated intracranial large-vessel occlusions. The carotid disease etiology was mostly atherosclerotic (n = 16), while in the remaining cases it was related to dissections (n = 4) or Takayasu's arteritis (n = 1).
The baseline characteristics, procedural variables, and clinical outcomes of the patients with and those without tandem disease are displayed in table 1 . Multivariate analysis only revealed lower initial National Institutes of Health Stroke Scale (NIHSS) scores (OR 0.86; 95% CI 0.76-0.98; p = 0.03) and longer procedural length (OR 1.01; 95% CI 1.01-1.04; p ≤ 0.01) to be independently associated with tandem disease as compared to patients with isolated intracranial occlusions.
The comparison between the tandem and the nontandem group revealed similar baseline ischemic core (20 ± 19 vs. 19 ± 25 cm 3 ; p = 0.8), T max >6 s (175 ± 109 vs. 162 ± 118 cm 3 ; p = 0.6), T max >10 s (90 ± 84 vs. 90 ± 91 cm 3 ; p = 0.9), and final infarct volumes (45 ± 47 vs. 37 ± 45 cm 3 ; p = 0.5) ( table 2 ). The presence of a target mismatch profile (and each subcomponent) was similar between the groups. The baseline CTP core volumes were found to correlate statistically significantly with final infarct volumes for the tandem ( fig. 1 a; Figure 2 (Bland-Altman plot) indicates general agreement with the symmetric distribution of bias between the two groups studied. The mean absolute difference between estimated core and final infarct volume was similar in patients with and those without tandem lesions (24 ± 41 vs. 17 ± 41 cm 3 ; p = 0.5). A sensitivity analysis excluding patients with parenchymal hemorrhage did not alter the study findings.
Discussion
Our findings indicate that appropriate delay correction in CTP analysis allows for reliable ischemic core volume prediction among patients with ipsilateral extracranial steno-occlusive disease in AIS, where delay and dispersion effects may confound interpretation. The accurate quantification of CBF and T max relies upon robust detection of an arterial input function (AIF), commonly selected for deconvolution from the brain-tissue timeattenuation course, for isolation of a theoretical tissue impulse response from which parametric maps may be computed. This operation partly corrects brain enhancement dynamics for bolus shape and other proximal factors, but may remain vulnerable to delay and dispersion effects related to hemodynamic disturbance thereafter. The potential impact of such factors has previously been broadly expounded; however, while a relative immunity of some analytic approaches was shown in simulation, investigation in the clinical setting remains unestablished. Given the potential influence upon perfusion quantitation by factors including the presence of underlying extracranial carotid steno-occlusive disease and the vessel targeted for AIF, we undertook a systematic study of performance among such patients [15, 16] . RAPID utilizes an automated AIF algorithm which while optimized for detection of candidate voxels and delay corrected, is uninformed specifically with regard to underlying proximal large-vessel steno-occlusive lesions. Our results would suggest robust estimations of infarction volumes irrespective of tandem lesions, where bolus dispersion and delay could engender errors such as flow underestimation or T max overestimation [8, 10] . RAPID CTP was recently demonstrated to provide accurate prediction of cores and tissues at risk in large-vessel AIS [6] . Compared with the recently published SWIFT-PRIME trial experience, the median core in our series was larger, which may be explained by the fact that our cohort was treated later after last-known-normal (median 333 vs. 150 min) and had a higher median NIHSS score (19 vs. 17). However, our real practice experience compares very favorably with the SWIFT PRIME results; in fully reperfused (mTICI3) patients, the median difference between predicted core and final infarct volume was 11.0 cm 3 in the SWIFT-PRIME trial compared to an overall median of 8 cm 3 in our series. This study is limited by its retrospective design. While differences in T max and mismatch profiles were not detected between groups, validation of the accuracy of the perfusion parametric maps was focused primarily upon predictions of ischemic core volumes in this cohort of fully reperfused patients. Although simulation and phantom studies suggest that such delay-corrected approaches provide strong correlations in T max despite positive/negative temporal shifts, further investigation in untreated/nonreperfused subjects could better underscore the accuracy of total hypoperfused volume values and mismatch profiles in patients with tandem disease. A subgroup of patients had estimated CTP-derived baseline ischemic cores larger than the final infarct size, and this may be related to occasional RAPID ischemic core overestimation [17] . Another limitation is our pragmatic approach, which did not include a validation study with coregistration and per-voxel analysis.
Conclusion
The prediction of baseline ischemic core volume through an optimized CTP analysis employing rigorous normalization, thresholding, and voxel-wise analysis is not significantly influenced by the presence of underlying extracranial carotid steno-occlusive disease in large vessel AIS.
Disclosure Statement
The authors have no conflicts of interest to declare.
